Abstract Technical advancements have enabled the spinal deformity surgeon to correct severe spinal mal-alignment. However, proximal adjacent segment pathology (ASP) remains a significant issue. Examples include proximal junctional kyphosis (PJK) and proximal junctional failure (PJF). Agreement on the definition, classification, and pathophysiology of PJK and PJF remains incomplete, and an understanding of the risk factors, means of prevention, and treatment of this problem remains to be elucidated. In general, PJK is a relatively asymptomatic radiographic diagnosis managed with patient reassurance and monitoring. On the other hand, PJF is characterized by mechanical instability, pain, and more severe kyphosis, with potential for neurologic compromise. Patients who develop PJF more often require revision surgery than those with PJK. This chapter will review the current understanding of PJK and PJF.
Introduction
Pedicle screw instrumentation constructs have become the cornerstone in the treatment of adult spinal deformity and instability. They are known to provide greater rigidity and enhanced ability to correct and maintain spinal alignment. Biomechanical data, however, demonstrate that increased construct stiffness is associated with increased loading within adjacent segments [1] [2] [3] [4] [5] [6] [7] [8] [9] . Increasingly stiff constructs can create vulnerability at the proximal segments and, in some cases, lead to proximal junctional pathology with radiographic and clinical manifestations [10] [11] [12] . Adjacent segment degeneration (ASD) is a well-documented phenomenon that can occur after thoracolumbar or lumbar spinal fusion [5, 6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Proximal junctional kyphosis (PJK) is a relatively more benign form of junctional pathology, manifesting primarily as a minimally symptomatic radiographic diagnosis [16, 19, 25, 26] . On the other hand, proximal junctional failure (PJF) represents a more severe form of junctional pathology associated with mechanical failure and increased risk of neurologic injury, deformity, pain, and the need for revision surgery [27, 28, 29•, 30] . PJF has important clinical implications especially for elderly patients with poor bone density. In this population, increased loads in the setting of decreased bone strength can lead to adjacent segment failure [5, 15, 31, 32] . When proximal junctional failure manifests with clinical symptoms, treatment can be complex, typically requiring osteotomy and extension of instrumentation and fusion. Recently, an increased amount of information describing the incidence, classification, prevention, and treatment of this problem has been developed.
Definition, epidemiology, and clinical significance
Proximal junctional kyphosis PJK manifests as the development of minimally symptomatic kyphosis immediately above a spinal fusion construct [16, 19, 25, 26] . There is no consensus regarding a precise radiographic definition of PJK. Glattes et al. originally defined PJK as a sagittal Cobb angle between the uppermost instrumented vertebra (UIV) and the two levels above the UIV (UIV+2) of 10°or greater and at least 10°greater than the preoperative measurement [16] . Bridwell et al. [33] and O'Shaughnessey et al. [34] used 20°as the cutoff for defining PJK. More recently, Helgeson et al. [35] described PJK as a postoperative increase of 15°or more between the UIV and UIV+1 (instead of UIV+2) [35] . To date, Glatte's definition of PJK appears to be the most commonly utilized in the literature.
Sacramento-Dominguez et al. [36] evaluated the reproducibility of using the UIV+1 and UIV+2 to measure PJK. Although they demonstrated moderate to very high intra-and inter-rater reliability, the authors could not conclude which of the two vertebrae is the better landmark to use for measuring PJK [36] . Further work has recently shown that radiographic measurement of kyphosis from UIV to UIV+2 is highly repeatable, with or without presence of PJF and at either upper thoracic or thoracolumbar junction [37] .
Proximal junctional failure
PJF is more severe than PJK and is becoming increasingly recognized as one of the most frequent reasons for reoperation after adult spinal deformity surgery. It may result in a higher need for revision surgery, a greater risk of neurologic injury, increased deformity, and pain [27, 28, 29•, 30] . Other terms used to describe this phenomenon have included Btopping off syndrome,B proximal junctional fracture,^and Bproximal junctional acute collapse.^These terms highlight the associated structural failure and mechanical instability that distinguish this more severe form of proximal junctional pathology from its more common and more benign PJK counterpart. The estimated cost of revision surgery after PJF is $77,432, indicating a greater clinical and economic burden of this condition [18] .
The structural failure that occurs with PJF can present as vertebral body fracture, implant pullout or breakage, and/or disruption of the posterior osseo-ligamentous complex [27, 29•] . Development of a single definition and classification system for PJF remains a challenge. Yagi and colleagues defined PJF as a symptomatic PJK requiring any type of revision surgery [38] . Hostin et al. [29•] and Smith et al. [30] defined acute PJF as 15°or more of PJK along with fracture of the UIV or UIV+1, failure of UIV fixation, or need for extension of instrumentation within 6 months of the index surgery. Hart and colleagues [28] described PJF on the basis of 10°or greater postoperative increase in kyphosis between the UIV and UIV+2, along with one or more of the following features: fracture of the vertebral body of the UIV or UIV+1, posterior osseo-ligamentous disruption, or pullout of instrumentation at the UIV (Fig. 1) .
Epidemiology and clinical significance
It is difficult to determine the prevalence of these conditions in the adult population due to the varied definitions of PJK and PJF. Different authors report the prevalence of PJK ranging from 20 to 39 % after spinal deformity fusion surgeries [16, 19, [39] [40] [41] [42] . While the prevalence of PJF has been reported to range between 1.4 and 35 % [29•, 30, 38] .
Experts continue to debate whether PJK is simply a radiographic diagnosis or has potential clinical implications for patient outcomes. Most studies have failed to demonstrate that PJK significantly diminishes clinical outcomes [16, 19, 39, 40, 42] . Only when using 20°as the threshold for defining PJK did Bridwell et al. report a significant difference in self-image subscale scores of the SRS-22 [33] . In a large retrospective study, Kim et al. also demonstrated higher rates of pain in patients with PJK (29.4 %) compared to those without PJK (0.9 %), and that the presence of upper back pain had an odds ratio of 12.5 for prediction of PJK [43] . There is also evidence that PJK can be progressive and that increased absolute PJK angles (in some cases likely an indication of structural failure) are directly correlated with pain and inversely correlated with function [43, 44] .
Current literature suggests that separating PJK and PJF as two separate conditions may be overly simplistic. PJK and PJF are different clinical entities residing on the proximal junctional pathology spectrum. With worsening degrees of PJK, patients can develop the structural failures that characterize PJF. This may be accompanied by subsequent pain, neurologic deficit, gait difficulties, sagittal imbalance, and social isolation. While patients with PJK may be initially asymptomatic, Hart et al. [27] report that nearly half (47.4 %) of patients who developed acute PJF required revision surgery within 6 months of their index procedure.
Risk factors
The etiologies of PJK and PJF are likely multifactorial as no study has elucidated a single variable that strongly and consistently predicts their development. However, several major risk factors for PJK and PJF have been described. The potentially modifiable risk factors include greater curvature correction [30, 33, [45] [46] [47] [48] [49] , combined anterior-posterior spinal fusion [19, 33, 42, 44, 50, 51] , fusion to the sacro-pelvis [30, 34, 40-42, 44, 52] , and residual sagittal imbalance [53] . Nonmodifiable factors with clear correlation to PJK development include the following: older age (>55 years) [19, 22, 33, 45] and severe pre-operative sagittal imbalance [30, 42, 44, 46, 49, 52, [54] [55] [56] . Other less well-established but likely risk factors include low bone density [44] , presence of a comorbidity [33] , and high body mass index [22, 33] .
There remains conflicting evidence regarding whether the type of instrumentation used at the UIV, the number of levels fused, or the location of the UIV influence the risk of PJK development. The use of hooks, wires, or pedicle screws at the proximal level has not been consistently shown to significantly affect the risk of PJK across studies [35, 40, 46, 50, 52, 55] . There are studies demonstrating that both a greater and lesser number of levels fused [33, 55] are both risk factors for PJK. Similarly, both a UIV at the upper and lower thoracic level have been associated with the development of PJK [26, 33, 51] . Preoperative lumbosacral radiographs re-demonstrating the lumbar curve and L4-5 spondylolisthesis. e, f Postoperative radiographs illustrating L4-5 and L5-S1 laminectomy, decompression, and transforaminal lumbar interbody fusion, and T10-pelvis fusion and instrumentation with proximal junctional failure occurring within 2 months after surgery. g Postoperative CT scan illustrating T10 vertebral body fracture, screw cut-out, and kyphotic deformity, characterizing proximal junctional failure. Revision surgery was indicated for progressive kyphosis and worsening pain. The patient did not have neurologic compromise. h, i Postoperative radiographs demonstrating extension of fusion and instrumentation to T4, SmithPeterson osteotomy at T9 and T10, and prophylactic bilateral rib fixation to T3 using VEPTR
Modes of failure and classification

Modes of failure
Given that the prevalence of elevated thoracic kyphosis ranges between 20 and 40 % in the general population, and that is more common in geriatric patients, some authors have suggested that PJK represents a recurrence of deformity and/or natural history of aging rather than a postoperative complication. This assertion is supported by the fact that many of the radiographic features associated with the development of PJK mimic the natural history of kyphosis with normal aging: osteopenia, facet joint degeneration, disc height loss and wedging, and compression deformities of vertebrae [16, 57] . The true etiology may be multifactorial, involving iatrogenic effects of altered mechanics and adjacent segment surgical injury, along with deformity progression and the processes of natural aging. Indeed, several authors have submitted evidence suggesting that surgical disruption of the posterior soft tissue tension band, construct stiffness, and correction forces may all play an important role in the pathogenesis of PJK [24, 26, 35, 42, [57] [58] [59] .
Unlike PJK, the underlying pathology for PJF appears to be an acute structural event, most typically early in the postoperative period, although it may also include progressive deformity occurring over months to years [18, 22, 24, 28, 29•] . Hostin and colleagues [29•] reported that fracture was the most common mechanism of failure (47 %), followed by soft tissue disruption (44 %). They found that 9 % of their patient cohort experienced PJF as a result of trauma, and screw pullout accounted for approximately 9 % of failures. This variety in failure mechanisms accounts for the spectrum of severity in clinical presentations of PJF. Fracture subluxation and dislocation of the adjacent segment(s) have also been reported [22, 24, 29•, 57, 60] . Hostin and colleagues [29•] found that failure resulted more frequently from vertebral body fractures when the UIV ended in the thoracolumbar region, while when the UIV ended in the upper thoracic spine, soft tissue disruption and subluxation without fracture or instrumentation failure were the more common modes of failure [29•] .
Classification
Several studies have proposed a classification system for PJK and PJF [27, 38, 42, 61] . Yagi and colleagues initially presented their PJK classification in 2011 and subsequently modified it in 2014 [38, 42] . While their modified classification is simple and easy to use, it lacks prognostic information and does not guide management. The ideal classification should both guide treatment and provide information regarding severity of the pathology. Recently Hart et al. [61] and the International Spine Study Group (ISSG) proposed a Proximal Junctional Kyphosis Severity Scale (PJKSS) that assigns points to six different components thought to be important in the evaluation and management of PJK/PKF (Table 1) . Points are summed to give a total severity score. The PJKSS has been shown to strongly correlate with HRQOL outcome scores and indication for revision surgery [62•] . Its inter-and intra-observer reproducibility and reliability has also been demonstrated [63] .
Evaluation and preoperative planning Evaluation
Failure to recognize and differentiate PJF from PJK and initiate the proper workup and treatment can put patients at risk of neurologic compromise. Unlike patients with PJK, patients with PJF can experience loss of neurologic function. Although pain can be substantial, some patients may have limited new complaints [18, 22, 24, 27, 29•] . On physical examination, the patient's gait and posture should be noted and compared to previous findings. Kyphotic deformity, tenderness to palpation at the proximal junction of instrumentation, and implant prominence and skin tenting should be assessed. If there are concerns, infection should be considered in the differential diagnosis and the appropriate blood work should be ordered (CBC with differential, erythrocyte sedimentation rate, C-reactive protein). A thorough neurologic examination should be performed to evaluate for evidence of spasticity and myelopathy. Upright 36-in.-long cassette AP and lateral X-rays, and if indicated, advanced imaging such as computed tomography (CT) and magnetic resonance imaging (MRI) are essential in the complete assessment of symptomatic patients.
Preoperative planning
When revision surgery is planned, performing a thorough history and physical exam and obtaining a complete imaging workup are mandatory. Full-length 36-in. standing anteroposterior and lateral radiographs allow for accurate assessment of segmental and global spinal alignment parameters. Inclusion of the femoral heads within the field of view is required for spino-pelvic parameter measurements. In addition, supine hyperextension lateral radiograph over a bolster can provide information regarding the flexibility of the kyphotic deformity. Preoperative CT with sagittal and coronal reconstructions is helpful in identifying anterior ankylosis, as well as delineating vertebral fractures and instrumentation fracture or pullout. CT can also be valuable in evaluating prior fusions and planning osteotomies. MRI or CT myelogram should be obtained if there is suspicion for neural element compression. Bone mineral density should be measured if it has not been done within the previous 6 months. Osteoporosis or osteopenia should be treated with teriparatide if possible prior to consideration for elective revision surgery in order to reduce the chance of a second recurrence. If the procedure is more urgent, then it can be started post-operatively.
Prevention strategies Soft tissue considerations
Failure to respect the soft tissues around the UIV is considered a risk factor for PJK [50] . As such, measures taken to preserve the interspinous ligaments, the supraspinous ligaments, the supra-adjacent facets, and their capsules at the upper end of the instrumentation construct are thought to mitigate the risk of PJK and PJF [50, 57] . Fluoroscopic localization of the UIV is a useful strategy to avoid inadvertent overexposure and unnecessary soft tissue damage. Unfortunately, in cases of elderly patients, especially those with a history of multiple previous spinal surgeries, even the most meticulous surgical dissection and instrumentation techniques cannot always offset pre-existing atrophic and degenerated soft tissues.
Avoidance of implant pre-loading at the top of the fusion construct
Introduction of a preload by forcing under-contoured rods into the top screws of a long fusion construct may predispose the patient to developing proximal junctional degeneration. The authors recommend careful and meticulous in situ bending of the rods such that they lay fully seated within the screw heads at the proximal two levels. One can be sure that the rods are not preloaded when locking caps can be placed without additional force required to reduce the rods inside the screw heads.
Vertebral cement augmentation
Recently, Kebaish et al. [64] provided biomechanical data from a cadaveric study that suggested a possible role of prophylactic vertebral cement augmentation (vertebroplasty of both the UIV and UIV+1) in reducing the risk of junctional fractures in patients with osteoporosis. The authors specifically noted that augmentation of only the UIV level provided no statistically significant benefit in preventing proximal junctional fractures. In a clinical study, Hart et al. [18] reported that prophylactic vertebroplasty of the UIV and UIV+1 levels not only reduced the risk of PJF but was also cost effective when compared to the cost of a revision procedure. Currently, there is little guidance for surgeons in determining how many levels on which to perform prophylactic cement augmentation. Kayanja et al. [65] performed a study comparing the biomechanics of augmenting different numbers of vertebral levels. They reported that bone mineral density rather than the number of augmented levels was the most important determinant of construct strength and stiffness, and concluded that cement augmentation should be performed at the most at risk levels and not arbitrarily at the UIV and/or UIV+1 [65] . Cement augmentation, however, is not without its own risks. There is evidence suggesting that cement augmentation reduces intervertebral disc nutrition and alters loading mechanics, which can accelerate adjacent segment degeneration and stenosis [24, [66] [67] [68] . The added stiffness anteriorly may also put the posterior column at greater risk of catastrophic failure. We have witnessed this sequelae in our practice and have largely stopped performing routine prophylactic vertebroplasty, although some surgeons do continue to support this approach.
Selection of the appropriate level and instrumentation for the UIV
As demonstrated by the literature reviewed in this chapter thus far, while proper selection of the UIV level is important, there does not appear to be any level immune to the risk of ASP. However, the presence of thoracic hyperkyphosis has important implications for surgical planning as it is a well-known risk factor for the development of PJK and PJF [30, 42, 44, 46, 47, 49, 52, 55, 56, 69] . Therefore, in a patient with thoracic hyperkyphosis, extending the fusion and instrumentation to the upper thoracic levels is considered desirable to minimize the risk of PJK and PJF and to achieve appropriate sagittal realignment.
While there is more consistent data in the adolescent scoliosis literature demonstrating the beneficial effect of hook and hybrid instrumentation at the proximal construct in decreasing the risk of PJK [35, 46, 55] , the evidence in the adult population is inconclusive at best. In their biomechanical investigation of six adult spine models, Cammarata and colleagues [50] reported that the use of hooks and transition rods with reduced proximal diameter at the UIV was effective at reducing biomechanical effects thought to play important roles in the pathogenesis of PJK and PJF. Unfortunately, this biomechanical finding has not translated to clear clinical benefits. The currently available clinical evidence is contradictory, with some studies [70] supporting and other studies [16, 33, 34, 40] failing to find a consistent statistically significant association between proximal instrumentation type and PJK/PJF.
Matching age-appropriate spino-pelvic alignment goals
Schwab and colleagues demonstrated that lumbar lordosis (LL) should be within 9°of pelvic incidence (PI = LL ± 9°) [71] . Restoring this spino-pelvic relationship has since become a central tenet of adult deformity surgery. However, there are at least two described circumstances in which the association between PI and LL deviates from this linear equation. The first is in patients with extremely high or low PI measurements. Patients with extremely high PI (>70°) actually require slightly less lumbar lordosis than the PI = LL ± 9 o equation would suggest, while those with a low PI (<40°) require slightly more. The second situation where deviation from the typical PI-LL mismatch goals is recommended is in the elderly. Recently, the International Spine Study Group has demonstrated that the spino-pelvic alignment values that correspond with HRQOL scores (PT, PI-LL mismatch, SVA) are substantially greater at baseline in older patients compared to younger patients [72•] . The authors therefore advocate for incorporating the patient's age into the determination of their operative spino-pelvic alignment goals. Adjusting for ageappropriate alignment goals and avoiding overly strict adherence to PI-LL relationship rules at the extremes of anatomic variability may reduce the risk of over correction and subsequent development of PJK and PJF.
Prophylactic rib fixation
Hart et al. [28, 73] introduced the concept of prophylactic rib fixation without fusion at the level of the UIV+1. Early in the development of this technique, we utilized vertical expandable prosthetic titanium rib (VEPTR) hooks inserted at the medioposterior portion the UIV+1 ribs. Two separate longitudinal incisions (approximately 3 cm long) are made over the medioposterior portion of the UIV+1 ribs. The ribs are exposed in a subperiosteal manner circumferentially, with care taken to avoid inadvertent violation of the pleural cavity. The VEPTR hooks are then placed around the exposed ribs, which are then connected to titanium rods that are tunneled subcutaneously and connected to the midline rods bilaterally via connectors (Fig. 1) . The second iteration of this technique involved the use of sublaminar bands instead of VEPTR hooks. More recently, sublaminar hooks have been used in a manner similar to the VEPTR. Preliminary analysis supports the efficacy of this technique in reducing the risk of PJF [74] .
Spinous process augmentation
As disruption of the posterior ligamentous complex is thought to play an important role in the pathogenesis of PJK and PJF, technical measures aimed at reinforcing the posterior tension band may be effective in reducing the risk for developing proximal junctional problems. The authors have developed a technique of looping and a Mersilene tape around the spinous processes of the UIV and UIV+1 in order to recreate a functional posterior tension band. Most recently, the authors have begun using a technique developed by Christopher Ames, MD utilizing two sublaminar bands. This is achieved by looping the bands in a weave configuration in opposite directions through drilled holes at the spino-lamina junction of the UIV+1, UIV, and UIV−1. This effectively creates a tension band loop encompassing the involved levels. The bands are tensioned and the clamps are securely locked to each of the main rods.
Treatment concepts
Currently, there is no standardized consensus to guide the surgeon in determining which patients with PJK would benefit most from revision surgery. In general, patients who are asymptomatic are managed with reassurance, education, and close monitoring. On the other hand, those with significant symptoms and higher severity of deformity or instability can be considered for revision surgery. Some authors suggest that treatment may be essential even in the absence of symptoms in patients with disruption of the posterior column, due to risk of deformity progression and neurologic injury [19, 44] .
Hart et al. [27] reported that about 47 % of patients with PJF underwent revision surgery within 6 months of their index procedure. The authors also determined several factors that may influence the surgeon to recommend revision surgery for PJF: traumatic etiology, severity of kyphosis, combined anterior/posterior approaches at the index surgery, female sex, and higher SVA at the time of revision [27] . Interestingly, mode of failure (soft tissue vs. bony), age and BMI, number of levels fused, and location of UIV did not statistically correlate with the decision to revise [27] . Smith et al. [30] also identified other factors affecting the decision to perform revision surgery, including the presence of instrumentation failure, uncontrolled pain, neurologic deficits, and myelopathy. Of note, they also reported that the revision rates differed by the location of the UIV. In their patient cohort, the revision rate was much higher when the UIV was located in the lumbar or lower thoracic spine, compared to the upper thoracic spine [30] .
In general, extension of the fusion (with or without decompression) may be all that is required if the spine is flexible and global balance can be achieved without the use of osteotomies. However, if the spine above the fusion construct is rigid and the kyphotic deformity is severe, the use of osteotomies may be indicated. Smith-Peterson or Ponte osteotomies are sometimes adequate to restore sagittal alignment if the intervertebral discs are supple and there is no anterior column ankylosis (Fig. 1) . Three column osteotomies, such as pedicle subtraction osteotomy or vertebral column resection, are reserved for cases of severe, rigid deformity or when neurological compromise due to anterior spinal cord compression is present. The use of anterior interbody support should be considered when significant anterior column defect (>50 % bone loss) exists or to aid in obtaining greater sagittal alignment correction and improving fusion rates. Yagi et al. [38] recently reported a 48 % recurrence rate of PJK/PJF at the new UIV after revision surgery. Of those patients with a recurrence PJK/PJF, 82 % required repeat revision surgeries, highlighting the importance of prophylactic procedures at the time of revision to reduce the risk of recurrence.
Conclusion
Advances in surgical techniques and technology have revolutionized the treatment of adult spinal deformity. The ability to perform aggressive global realignment of spinal deformities has also led to the discovery of new complications such as PJK and PJF. Spine surgeons are beginning to reach consensus on the definition, classification, and pathophysiology of these entities. However, the risk factors, means of prevention, and treatment strategies for this problem remain incompletely described. While PJK is generally an asymptomatic radiographic diagnosis, PJF is a more serious condition on the pathology spectrum with significant clinical, psychosocial, and economic ramifications that often requires revision surgery and proximal extension of the fusion construct. Continued research on PJK and PJF will be needed in order to reduce the incidence and impact of this challenging complication. 
